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(57) ABSTRACT

An 1integrated circuit layout and architecture for reduced
noise coupling between circuitry and on-chip antenna for
wireless communications includes a monolithic semicon-
ducting substrate having a plurality of integrated devices
including a transmitter and/or a recerver. At least one on-chip
balanced antenna 1s formed 1n or on the substrate. A balanced
antenna feed structure electrically connects the antenna to the
transmitter or receiver. At least one integrated device 1s sub-
stantially symmetrically disposed on the substrate relative to
the on-chip antenna(s). The device(s) selected for substan-
tially symmetrically placement are preferably those which
generate the largest noise coupling.
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LAYOUT AND ARCHITECTURE FOR
REDUCED NOISE COUPLING BETWEEN
CIRCUITRY AND ON-CHIP ANTENNA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of provisional applica-
tion No. 60/466,620 entitled “A METHOD OF REDUCING

INTERACTION BETWEEN INTEGRATED ANTENNAS
AND ADJACENT CIRCUITS” filed on Apr. 30, 2003, the
entirety of which 1s incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

FIELD OF THE INVENTION

The mvention relates to itegrated circuits which include
on-chip antennas.

BACKGROUND

The 1ncreases in the operating frequency and projected die
s1ze of CMOS circuits have led to the proposal of wireless
interconnects based on on-chip antennas. On-chip antennas
can provide a high speed alternative to a conventional wired
interconnection system through use of RF communications
which travel over the air at nearly the speed of light. The
on-chip antennas can facilitate wireless communications both
within a single itegrated circuit (IC), such as from one side
of a chip to the other side, as well as between a plurality of
IC’s each having on-chip antennas and related communica-
tion circuitry.

A challenge for on-chip antennas 1s achieving an adequate
signal-to-noise ratio for received signals. Electromagnetic
interference (EMI), or noise, can be generated near 1C’s due
to nearby devices and within the IC’s themselves due to
on-chip devices sharing the same substrate as the on-chip
antenna(s). For instance, modern integrated circuits can
include billions of switching transistors which all generate
switching noise. Such noise can interfere with devices send-
ing RF signals, or more importantly for devices recerving RF
signals, due to lower received signal levels as compared to
transmitted signal levels. The coupled noise can mask the RF
signals or cause errors 1n signal data streams. Unfortunately,
the dominant mechanisms, generators and nature of noise
coupling between the circuit devices and on-chip antennas
have not been well understood.

SUMMARY

An 1ntegrated circuit layout and architecture for reduced
noise coupling between circuitry and on-chip antenna for
wireless communications includes a monolithic semicon-
ducting substrate having a plurality of integrated devices
including a transmitter and/or a recerver. At least one on-chip
balanced antenna formed 1n or on the substrate. A balanced
antenna feed structure electrically connects the antenna to the
transmitter or receiver. At least one of the plurality of inte-
grated devices are substantially symmetrically disposed on
the substrate relative to the on-chip antenna(s). The devices
selected for substantially symmetrically placement are prei-
erably those which are the largest noise coupling-contributor
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The plurality of integrated devices can include analog
device one digital devices on the same chip. The digital
devices can include a digital signal processor. The integrated
devices can include at least one sensor, including a MEMS
SENSor.

The integrated circuit can have an RF signal source 1n or on
the substrate. In a preferred embodiment, the bulk resistivity
of the substrate 1s from 1 to 1000 ohm-cm, such as 10 or 100
ohm-cm.

The integrated circuit can include a dedicated transmit and
a dedicated receive antenna. The balanced antenna can be a
dipole, loop or patch antenna. The integrated circuit can
include an on-chip signal source coupled to the balanced teed
structure.

BRIEF DESCRIPTION OF THE DRAWINGS

A Tfuller understanding of the present imnvention and the
features and benefits thereof will be accomplished upon
review of the following detailed description together with the
accompanying drawings, 1n which:

FIG. 1 1s a schematic view of an exemplary integrated
circuit including on-chip antennas, according to an embodi-
ment of the imvention.

FIG. 2 1s a schematic view of another embodiment of the
invention comprising an integrated circuit including on-chip
antennas and on-chip transmitter and receive circuitry.

FIG. 3 shows the test structures fabricated mn a 0.25 um
toundry CMOS process.

FIGS. 4(a) and (») shows single-ended and balanced mea-
surement configurations used to evaluate the test structures
measured, respectively.

FIGS. 5(a) and (5) show results obtained from single ended
and differential noise coupling originating from a voltage
controlled oscillator (VCO) noise source, respectively.

FIGS. 6(a) and (b) show measured and simulated noise
coupling results from a long interconnect to an on-chip
antenna, respectively.

FIG. 7 shows the modeling of an interconnect line and
antenna arm as a capacitively coupled RC network.

FIG. 8 shows a test structure used to evaluate noise cou-
pling in a 0.1 um CMOS test circuit.

FIGS. 9(a) and (b) show differential noise from the inverter
shown 1n FIG. 8 with inverter switching and without inverter
switching, respectively.

FIG. 10 shows a coupling model from the inverter chain.

FIG. 11 shows data demonstrating that the coupling model
agrees well with the measured results.

DETAILED DESCRIPTION OF THE INVENTION

The iventors have i1dentified noise coupling mechanisms
between integrated circuit device elements and on-chip
antennas as well as the nature of the noise received by the
on-chip antennas. As used herein, the phrase “on-chip
antenna’ refers to an antenna disposed 1n or on a semicon-
ductor substrate, such as a dipole antenna formed from alu-
minum traces disposed on a silicon substrate. It has been
found that noise coupling from devices on the chip to on-chip
antennas 1s mostly through the common semiconductor sub-
strate and the noise which couples therethrough 1s generally
common-mode 1n nature, particularly when generated by cer-
tain digital devices during switching. Symmetric layout tech-
niques with regard to the placement of the largest noise gen-
crating circuitry with respect to the on-chip antenna(s),
preferably together with use of a balanced feed and balanced
antenna has been found to significantly reduce noise coupling
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and improve the often problematic and frequently application
limiting received signal-to-noise ratio. The invention 1s appli-
cable to both intra-chip and inter-chip wireless communica-
tion devices and can be integrated with MEMS devices on the
same chip.

On-chip antennas as used herein are structurally and opera-
tionally distinct as compared to the more common “integrated
antennas”. “Integrated antennas” generally refer to RF
printed board circuits including microstrip antennas which
are disposed on ceramic circuit boards, such as the polytet-
rafluoroethylene (PTFE) based composites RT/duroid® 6002
provided by Rogers Microwave Products, Chandler, Ariz.
On-chip antennas are disposed in or on a semiconducting
substrate, such as a silicon substrate.

An mtegrated circuit for wireless communications com-
prises a monolithic semiconducting substrate comprising a
plurality of integrated devices including a transmitter and/or
a recerver, at least one on-chip balanced antenna formed 1n or
on said substrate, and a balanced antenna feed structure elec-
trically connecting the antenna to the transmaitter or recerver.
The transmitter and receiver are balanced circuits. At least
one of the plurality of integrated devices are substantially
symmetrically disposed on the substrate relative to the on-
chip antenna(s). The devices selected for substantially sym-
metrically placement are preferably those which are the larg-
est noise coupling contributor(s). Such substantially
symmetrically placement of devices on chip relative to the on
chip antenna(s) 1s believed to be unknown prior to the mven-
tion.

As used herein the phrase “substantially symmetrically
disposed on the substrate relative to the on-chip antenna™
refers to physical spacing distances relative to a center of a
noise source ol a given device to midpoint of respective
members of an on-chip antenna (see d, and d, 1n FIG. 1 1n the
case of a dipole antenna), where the distances d, and d, are
within 10% of one another, preferably being within 5% ofone
another and most preferably being within 1% of one another.
More generally, as applied to a loop antenna, the distances to
two points of symmetry should be the substantially same as
shown below.

Center of noise

Referring now to FI1G. 1, a simplified schematic view of an
exemplary integrated circuit 100 including two on-chip
antennas 102 and 104 which provides reduced noise coupling
between certain circuitry on the substrate 110 and the on-chip
antennas 102, 104 1s shown. Antenna 104 has the physical
midpoint of 1ts respective dipole arms 108(a) and 108(H)
marked with large dots. Circuit 100 includes a plurality of
devices including digital circuit 141, and analog circuits 142,
143 and 144. Dagital circuits can include digital signal pro-
cessors. Analog circuits 142-144 can include a voltage con-
trolled oscillator (VCO), filter, and amplifier, mixer, phase
locked loop, power amplifier, and others including various
sensors. The sensors can be MEMS sensors. Although two
on-chip antennas 102, 104 are shown 1n FI1G. 1, the invention
1s not so limited and integrated circuit 100 can include one
on-chip antenna, or more than two on-chip antennas.
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The distance from the physical midpoint of dipole arms
108(a) and 108(b) to the center of noise generated by switch-
ing digital circuit 141 1s denoted as d, and d,, respectively.
Since d, and d, are nearly equal, being within 10% of one
another, antenna 104 1s substantially symmetrically disposed
on the substrate relative to on-chip antenna 104. Analog cir-
cuit 143 may also satisty this limitation. As a result of the
substantially symmetric layout provided by circuit 100, the
phase shift and amplitude of noise generated by digital circuit
141 (and analog circuit 143) through the substrate 110 as
common mode noise will be recerved as primarily common
mode noise.

The bulk resistivity of the substrate 1s preferably suili-
ciently high so that on-chip antenna characteristics (e.g. gain)
are reasonable, and sufficiently low that the substrate acts as
a conductor sufficient to render the noise generated by the
circuitry on chip primarily common-mode 1n nature. Bulk
substrate resistance in the range from about 1 to 1000 ohm-cm
1s generally appropnate for this purpose.

Such noise 1s rejected by the balanced (differential) feed
118 and differential antenna 104 arrangement shown 1n FIG.
1. As a result, when antenna 104 1s recerving over the air
signals, the resulting signal-to-noise ratio of the received
signal will be improved relative a layout where noise gener-
ating switching digital circuit 141 1s not substantially sym-
metrically disposed on the substrate relative to on-chip
antenna 104. This improvement can be at least 10 dB, and up
to 20 dB, or more.

The on-chip antennas 102, 104 can be any antenna type
having a differential structure. Although shown as dipoles,
antennas 102 and 104 can be other balanced antenna types,
including loop antennas, spiral antennas, and patch antennas.
Dipole arms 106(a) and (b), and 108(a) and (b) can have any
suitable dimensions for achieving desired design parameters
and can be formed from any suitable electrically conductive
material. For example, dipole arms 106 and 108 can be
formed from aluminum or copper comprising layers disposed
on substrate 110.

Antenna 102 1s shown as a transmit antenna operatively
connected to a radio frequency (RF) signal source 126. The
RF signal source 126 can comprise one or more voltage
sources 128, 129 and source resistances 130, 131. In a pre-
ferred arrangement, the magnitude of the voltage generated
by the voltage sources 128, 129 1s approximately equal. The
RF signal source 126 can be, for example, a radio transmitter
or a radio transceiver, or any other suitable source of RF
energy.

Antenna 104 1s shown 1 FIG. 1 as being a receive antenna
operatively connected to a receiving device 122, which 1n
FIG. 1 1s shown simply as resistors 118. Receiving device 122
can be a radio receiver, a radio transceiver, and or any other
device suitable for receiving RF energy.

As noted above, balanced feedlines are preferably used
with balanced antennas and balanced recervers and transmit-
ters to avoid the need for baluns. Antennas 102, 104 are shown
operatively coupled to balanced antenna feed structures 114
and 118, respectively. A balanced feedline 1s realized using a
plurality of conductors wherein the current on the conductors
1s equal 1n magnitude, but opposite 1 phase (180° out of
phase). Feedlines 114, 118 cach can comprise two buried
conductors traces 116,117 and 120, 121, respectively. Buried
conductors are conductors not connected directly to a DC
ground. For instance, one or more devices, such as resistors
124,125,130, 131, can be connected between the conductors
120, 121, 116, 117 and ground potential, respectively. In the
preferred arrangement, each of resistors 124, 1235 have
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approximately equal resistance values, and each of the resis-
tors 130, 131 also have approximately equal resistance val-
ues

The mtegrated circuit of FIG. 1 1s shown with both the RF
signal source 126 and the device 122 for receiving RF signals
external to the mtegrated circuit 100. The mvention 1s not so
limited. For example, FIG. 2 shows integrated circuit 200
where the RF signal source 226 and/or receiving device 222 1s
included on-chip. In this arrangement, conductors 216, 217,
220, 221 can be electrically conductive traces disposed 1n, or
on, a substrate 210.

Again referring to FIG. 1, the operation integrated circuit
100 having the balanced feedline structures 114, 118 will now
be described. As noted above, noise generated from circuit
devices can be 1njected 1nto the substrate 110 of the integrated
circuit 100 and couple to the on-chip antennas 102, 104. Such
noise has been found to principally be common mode noise.
A differential structure, such as a dipole antenna, loop
antenna, or any other suitable balanced antenna, which 1s
driven by a balanced line reduce the adverse effects of com-
mon mode noise signals on the RF signal source 126 and the
device 122 for recerving RF signals. In particular, such an
arrangement provides immunity to ground loops and pro-
vides cancellation of common mode voltages. Using the sub-
stantially symmetrically layout according to a preferred
embodiment of the invention of the principal noise generating
devices relative to the to on-chip antenna further improves
rejection ol common mode noise signals.

As shown 1n FIG. 1, common mode noise current I -, ,can
flow through conductors 120, 121. The common mode noise
current 1-,, can be generated both by noise coupling to the
antenna 104 and by noise coupling directly to the conductors
120, 121. The common mode noise current I -, , will typically
have approximately equal phase and amplitude on both con-
ductors 120, 121 as the conductors are adjacent to one
another. Accordingly, since the resistance values of resistors
124, 125 are approximately equal, there 1s little or no potential
difference between the conductors 120, 121 caused by the
coupling of common mode noise signals. Thus, an output
voltage V , measured across conductors 120, 121 will have
little, 11 any, common mode noise content. However, 11 there
1s a difference AR between the resistance values of the resis-
tors 124, 125, an amount of common mode noise which 1s
proportional to AR will be coupled to the output voltage V..

A difference between resistor 120 and resistor 121 resis-
tance values can result 1n some common mode noise being
incorporated 1n output voltage V . Likewise, a difference 1n
coupling strength of the noise signal with respect to dipole
arms 108(a) and (b), and between conductors 120, 121 also
can result 1n some common mode noise being received. The
above noise analysis also holds true with respect to common
mode signals coupling to conductors 116, 117.

EXAMPLES

The present invention 1s further 1llustrated by the following
specific examples, which should not be construed as limiting
the scope or content of the invention in any way.

As noted above, noise from digital circuits as well as ana-
log circuits can couple to on-chip antennas and significantly
degrade the recerved signal-to-noise ratio. To mvestigate cou-
pling mechanisms, on-chip antennas and some exemplary
noise generating circuits were fabricated using 0.25 um and
0.1 um CMOS processes. The test structures fabricated con-
sisted of single-metal on-chip antennas and various noise
generating circuits.
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FIG. 3 shows the test structures fabricated 1 a 0.25 um
tfoundry CMOS process. On-chip 2-mm linear dipole anten-
nas were formed using the top aluminum layer of the five-
metal process. Noise generating circuit included a divide-by-
128 frequency divider 310, a voltage-controlled oscillator
(VCO) with a tuning range of up to ~2 GHz 120, a combina-
tion of the VCO output driving the divider via a short inter-
connect 130, and a divide-by-128 frequency divider fed by a
long data bus coupled to a VCO circuit feeding the long data
bus, where the long data bus interconnect 1s spaced 12 um
away from the antenna 340. The divide-by-128 circuit 310
consists of seven cascaded divide-by-two subcircuits. The
single 2:1 divider subcircuit switches the frequency generated
by the previous stage. Thus, 1n the cascaded divider 310,
multiple switching rates are produced.

The power spectral density ol noise coupling to the on-chip
antennas was measured using both single-ended and balanced
measurement techniques shown in FIGS. 4(a) and (b), respec-
tively. The latter 1s more mdicative of noise seen at the input
to a fully differential recerver. Noise coupling from the VCO
to the on-chip antenna was seen only at harmonics oithe VCO
operating frequency. A significant reduction in energy (~12
dB) was seen 1n the balanced measurement, as seen 1n FIGS.
5(a) and (b). The reduction 1n noise coupling demonstrated
indicates that the noise 1s largely common-mode 1n nature.
This noise 1s believed to be attributed to substrate current
injected during switching transients, which 1s common mode
in nature. For the divider circuits, noise coupling 1n single-
ended measurements was seen at the input frequency and 1ts
subharmonics. However, in differential measurements this
noise 1s reduced below the noise tloor of the measurement
setup, again indicating that common-mode noise 1s produced.

Noise coupling from the long interconnect simulated data
bus test structure of FIG. 3(d) was investigated to emulate the
scenar1o of a long data bus running near an on-chip antenna.
Themeasured noise power spectral density shows coupling at
harmonics of the VCO output/divider input frequency. This
noise 1s seen 1n balanced measurements as shown in FIG.
6(a), indicating presence of noise which 1s not common-mode
in nature. The interconnect line and antenna arm can be mod-
cled as capacitively-coupled distributed RC networks, 1llus-
trated 1n FI1G. 7. Propagation delays and loss 1n the intercon-
nect will cause the signal on the interconnect to couple to the
antenna arms with different magnitude and phase at different
points along the line. Thus, the noise 1s no longer common-
mode 1n nature and will be seen differentially at the output of
the antenna. Simulation results using the distributed model
are shown 1n FIG. 6(5). Simulations show qualitatively agree-
ment with the measured results.

To examine noise coupling in an advance CMOS process,
test structures were fabricated in a partially-scaled 0.1 um
CMOS process. The process uses a 0.35 um design rules set,
with the exception ofa 0.15 um drawn (0.1 um effective) gate
length. The 0.1 um test structure shown in FIG. 8 consists of
a 1000-1nverter-long chain running along the entire length of
an on-chip 2-mm zigzag dipole antenna fabricated on the top
metal layer. Again, the power spectral density of the recerved
noise was measured 1n single-ended and balanced configura-
tions. The iverter chain was driven by a 500 MHz signal
generated off-chip, with high-frequency probes used to apply
the signal to the input pads on the right side of the test
structure. Balanced measurement results in FIG. 9(a) show
that noise couples to the antenna at harmonics of the inverter
chain switching frequency. Once again, this noise 1s more
than 10 dB less than the noise coupled in singled-ended
measurements. Noise coupling to the antenna due solely to
the signal source was measured and shown 1 FIG. 9(b).
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These results show that most of the noise 1n the balanced
setup at the fTundamental frequency can be attributed to unbal-
anced coupling from the input pad and probe to one of the
antenna arms, thus creating unbalanced noise that will appear
differentially. This peak can be eliminated by having an on-
chip signal source.

Time-varying current in the power and ground lines due to
iverter switching will also cause coupling to occur at har-
monics of the operating frequency. The power and ground
lines can be modeled as transmission lines, with the power
line capacitively coupled to the antenna arm as 1llustrated 1n
FIG. 10. Only the capacitive coupling from the power line to
the antenna 1s considered since i1t 1s physically closer to the
antenna than the ground line. The self-inductance of the line
can be calculated using Greenhouse’s method. For a zigzag
antenna, the spacing between the power line and antenna
varies at different points along the antenna. This must be
accounted for when determining the capacitances between
the various metal lines, as noted by CC1 and CC2. Shunt
capacitances in the transmission line models for the power
and ground lines are omitted. This capacitance 1s comprised
of a metal-to-substrate capacitance in parallel with the
source-to-bulk junction capacitance of the transistor. Since
the junction capacitance dominates, the metal-to substrate
capacitance 1s neglected and the transmission line model
relies on SPICE modeling of the junction capacitance to
generate the shunt capacitance.

For the partially-scaled 0.1 um process, models and pro-
cess information needed for parasitic extraction were not
avail able. Accordingly, power and ground line coupling to
the antenna was simulated using 0.25 um process parameters.
SPECTRE simulation results 1n FIG. 11 show that the cou-
pling model qualitatively agrees with the measured results.
As with the long interconnect, loss and phase delay along the
power line will cause noise coupling to be unbalanced and be
seen 1n balanced measurements. Coupling from the signal
input pads to the antenna was not included 1n simulations,
which accounts for discrepancies 1 coupling power at the
tfundamental frequency. The higher noise power seen at the
third harmonics 1s attributed to the decreased impedance
associated with the capacitance between the interconnects at
higher.

It 1s to be understood that while the invention has been
described in conjunction with the preferred specific embodi-
ments thereof, that the foregoing description as well as the
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examples which follow are intended to 1llustrate and not limat
the scope of the mvention. Other aspects, advantages and
modifications within the scope of the invention will be appar-
ent to those skilled 1n the art to which the invention pertains.

We claim:

1. An integrated circuit for wireless communications, com-
prising:

a monolithic semiconductor substrate having a plurality of
integrated devices including at least one of a transmuitter
and a recerver disposed 1n or on said substrate;

at least one on-chip balanced antenna formed 1n or on said
substrate; and

a balanced antenna feed structure electrically connecting
sald antenna to said transmitter or said receiver;

wherein one of said plurality of integrated devices 1s a
largest noise coupling contributor having a center of
noise, and wherein said one said plurality of integrated
devices 1s disposed on said substrate relative to said
on-chip antenna such that the center of noise has dis-
tances relative to midpoint of respective members of said
on-chip antenna, said distances being within ten (10)
percent or less of one another.

2. The integrated circuit of claim 1, wherein said plurality
of integrated devices include at least analog device and at
least one digital device.

3. The integrated circuit of claim 1, wherein said plurality
of integrated devices includes a digital signal processor.

4. The integrated circuit of claim 1, wherein said plurality
of integrated devices includes at least one sensor.

5. The mtegrated circuit of claim 4, wherein said sensor
comprises a MEMS sensor.

6. The integrated circuit of claim 1, further comprising an
RF signal source in or on said substrate.

7. The integrated circuit of claim 1, wherein a bulk resis-
tivity of said substrate 1s from 1 to 1000 ochm-cm.

8. The integrated circuit of claim 1, wherein said at least
one on-chip balanced antenna comprises a dedicated transmut
and a dedicated recerve antenna.

9. The integrated circuit of claim 1, wherein said balanced
antenna 1s selected from the group consisting of a dipole, loop
and patch antenna.

10. The integrated circuit of claim 1, further comprising an
on-chip signal source coupled to said balanced feed structure.
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